A choline uptake system accumulating free choline in an energy-dependent process is described in Mycoplasma fermentans. The uptake system has a K m of 2.2U10
Introduction
Mycoplasmas (class Mollicutes) are wall-less microorganisms widely distributed in nature. Some of them are pathogens capable of causing invasive or chronic diseases in diverse hosts, where they produce a variety of clinical manifestations and frequently suppress host defense mechanisms [1] . Mycoplasma fermentans was ¢rst isolated from the human urogenital tract [2] and has also been detected in necrotic brain lesions of AIDS patients [3] . It was suggested that this organism contributes to the development of AIDS in HIV-positive individuals, acting as a co-factor in the pathogenesis of this disorder [3] , and may cause neurological damage following central nervous system infection, which results from the induction of glial cells to secrete proin£ammatory mediators such as tumor necrosis factor-K, interleukin-6, NO and prostaglandin-E 2 [4, 5] .
Recently, we identi¢ed and characterized a major glycolipid (MfGL-II) from the membrane of M. fermentans [6] .
This glycolipid consists of up to 60% of the total M. fermentans polar lipid fraction and contains a phosphorylcholine moiety as the terminal structural motif [6] . It is likely that M. fermentans with its small genome size and limited biochemical potential [7] does not synthesize the choline moiety, but takes up choline from the growth medium. Therefore, M. fermentans infection may cause, among other manifestations, a choline-de¢cient microenvironment.
Choline is an essential dietary component which assures the structural integrity and signaling functions of the cell membranes; it is the major source of methyl groups in the diet; and it directly a¡ects cholinergic neurotransmission, transmembrane signaling and lipid transport and metabolism [8] . Behavioral changes were observed in o¡spring of pregnant mice fed a choline-de¢cient diet in various periods of gestations [9] . Furthermore, choline de¢ciency has been shown to induce apoptosis, a process that eliminates unwanted or damaged cells, in neural-type cells as well as in whole brain [10] . It was suggested that variation in choline availability in the brain modulates apoptotic death rates during development, and that this process is the primary mechanism for eliminating excess neurons and glia cells. Choline de¢ciency states in other tissue cultures have also been shown to initiate apoptotic processes [11^13] . In the present study we identify and partially characterize an active choline uptake system in M. fermentans and show that M. fermentans infection of rat astrocytes resulted in a choline-de¢cient environment and in the induction of apoptosis, an observation that has not only signi¢cance in general biology, but also direct clinical implications.
Materials and methods

Organism and growth conditions
M. fermentans (strain PG18) was grown in modi¢ed Channock medium [14] , supplemented with 5% (v/v) heat-inactivated (56³C for 30 min) horse serum. Media were inoculated with 0.5^1.0% of a frozen culture and incubated at 37³C for 36 h to the mid-exponential phase of growth (pH 7.0). ). All radioactive substances were added to the growth medium at 0.02 Ci ml 31 . The organisms were harvested, washed twice with and resuspended in a solution containing 10 mM Tris^HCl in 250 mM NaCl (pH 7.5; to be referred to as Tris^NaCl bu¡er).
Preparation of glial cell culture
Dissociated rat brain cells were prepared from fetal (202 1 days gestation) rats, as previously described [15] . Cells were seeded on poly-L-lysine-coated dishes or coverslips at a density of 5U10 6 cells per dish and cultured in Dulbecco's modi¢ed Eagle's medium (DMEM, Biological Laboratories, Beth Haemek, Israel) as described [5] . After 101 2 days, the glial cells were treated with 0.125% trypsin (Sigma) for 15 min at 37³C. These conditions cause detachment of astrocytes not a¡ecting the 1^3% microglia present in the mixed culture. The detached cells were centrifuged for 10 min at 1000 rpm in the presence of 20% fetal calf serum and replated on chamber slides for 48 h.
Lipid extraction and MfGL-II puri¢cation
Lipids were extracted from washed mycoplasmas by the method of Bligh and Dyer [16] . The solvent was evaporated under a stream of nitrogen and the dried lipids (0.10 .2 mg mg 31 cell protein) were redissolved in 1^2 ml chloroform. Quantitative separation of MfGL-II was achieved by silicic acid column chromatography. Total lipid extract (10 mg) in 5 ml chloroform was loaded onto a silicic acid column that was sequentially eluted 
Choline uptake experiments
Uptake of [ 14 C]choline by M. fermentans was tested at 37³C or 22³C in a mixture (total volume, 1 ml) consisting of washed mycoplasmas (1 mg cell protein) in Tris^NaCl bu¡er, 5 mM MgCl 2 , 20 mM glucose and [methyl-14 C]choline (14 mCi mmol 31 ). To determine the e¡ect of inhibitors on the uptake, the organisms were incubated in the uptake mixture with carbonyl cyanide m-chlorophenylhydrazone (CCCP ; ¢nal concentration 5 WM), N,NP-dicyclohexylcarbodiimide (DCCD ; ¢nal concentration 100 WM), sodium azide (¢nal concentration 1 mM), N-ethylmaleimide (NEM ; ¢nal concentration 2 mM) or valinomycin (¢nal concentration 5 mM) for 30 min at 37³C prior to the addition of the labeled choline. Incubation was then continued for 10^20 min. To estimate total uptake, 100-Wl samples were withdrawn at di¡erent time intervals and added to 7.5 ml of ice-cold Tris^NaCl solution. The samples were passed through a 0.45-Wm GF/C ¢lter, previously soaked in unlabeled choline (10 33 M) solution. Filtration was carried out by suction. The ¢lters were then washed two times with 15 ml cold Tris^NaCl bu¡er and transferred to scintillation vials containing 5 ml Lumax scintillation liquor. Radioactivity was measured in a Packard TriCarb scintillation counter. Choline uptake was expressed as dpm mg 31 cell protein. To estimate the incorporation of choline into macromolecules, the samples withdrawn were added to 7.5 ml of cold 10% trichloroacetic acid (TCA), incubated in ice for 30 min, ¢ltered and counted.
Induction of apoptosis in glial cells
Astrocytes grown on eight-chamber slides (5U10 5 per chamber) were incubated with M. fermentans suspended in a medium composed of 40% (v/v) modi¢ed Channock medium and 60% (v/v) choline-de¢cient DMEM medium (CD-DMEM, Biological Laboratories, Beth Haemek, Israel), supplemented with 10% dialyzed fetal calf serum. The mycoplasmas were added to a multiplicity of infection (MOI) of 100^1000 (3U10 7^3 U10 8 mycoplasmas per well) and the astrocytes were incubated for 24 h. Astrocytes were then washed once with phosphate-bu¡ered saline and processed using a Boehringer-Mannheim kit (No. 1684809, Germany) which detects apoptotic cells by the TUNEL method, according to the manufacturer's instructions. In this method terminal deoxynucleotidyl transferase, which catalyzes polymerization of nucleotides to free 3P-OH DNA in a template-independent manner, was used to label DNA strand breaks. Incorporated £uorescein was detected by anti-£uorescein antibody Fab fragment from sheep. Prior to visualization, counter-staining was preformed by treating the cells with propidium iodide (1 Wg ml 31 ) for 10 min.
Analytical methods
Protein was determined by the method of Bradford [18] using bovine serum albumin as standard. Two-dimensional thin layer chromatography (2D-TLC) of the soluble choline-containing components in the cytosol was performed as described by Vigo and Vance [19] . Brie£y, [
14 C]cholinelabeled mycoplasmas (1 mg cell protein) were suspended in 1 ml of deionized water and boiled for 10 min. The insoluble material was removed by centrifugation and the soluble fraction was freeze-dried, resuspended in 50 Wl water and applied to a silica gel H plate. The plates (10U10 cm) were developed in the ¢rst dimension using methanol:NaCl 0.6 M:ammonia (10:10:1, v/v) and in the second dimension using methanol:chloroform:HCl 12N (45:5:2, v/v). The plates were dried under a stream of nitrogen, and exposed to X-Omat (Kodak) at 370³C for autoradiography. Excising the appropriate spots into scintillation vials containing 5 ml Lumax scintillation liquor and counting the radioactivity in a Packard TriCarb scintillation counter quanti¢ed radioactivity in the spots. Table 1 shows the incorporation of radioactive choline derivatives into M. fermentans lipids. A signi¢cant incorporation of radioactivity was observed when the organisms were grown with 14 C-labeled choline, N-methyl-14 Clabeled phosphatidylcholine or [
Results and discussion
Incorporation of choline-containing derivatives from the growth medium
14 C]choline-labeled sphingomyelin, whereas only negligible amounts of 14 C-labeled phosphorylcholine were incorporated. Fractionation of the lipids revealed that when grown with 14 C-labeled choline, 88% of the radioactivity was recovered in MfGL-II, whereas when grown with 14 C-labeled phosphatidylcholine or 14 C-labeled sphingomyelin, radioactivity was recovered almost exclusively in the phosphatidylcholine or sphingomyelin fractions representing phosphatidylcholine or sphingomyelin that are being incorporated unchanged from the growth medium [20] . These results suggest that M. fermentans is incorporating free choline from the surrounding medium for the de novo biosynthesis of MfGL-II.
Factors a¡ecting choline uptake
The observation that the choline moiety of MfGL-II is incorporated from the growth medium prompted us to further investigate the choline uptake process. We found that M. fermentans when suspended in the uptake mixture containing glucose (20 mM) takes up choline. Fig. 1 shows that 50^60% of the choline taken up at 37³C was rapidly incorporated into compounds not extractable with cold 10% (w/v) TCA (`bound choline'). However, when choline uptake was tested at 22³C, the amount of bound choline was very low and the amount of radioactivity extractable with cold TCA was over 95%. Therefore, uptake experiments were further studied at 22³C. Choline uptake was linear with time for the ¢rst 10^15 min and then declined in rate. The uptake rate depended on the external concentration of choline. The K m value calculated from Lineweaver^Burk plots was 2.2U10
35 M and the V max was 0.15 nmol 10 min 31 mg 31 cell protein. Uptake was higher when the organisms were harvested at the early exponential phase of growth, declining at later growth stages (data not shown). Choline uptake showed a pH optimum between 7.5 and 8.5. At pH 6.5 the uptake values were about 40% of those at the optimum pH range. Uptake was temperature-dependent. Optimum temperature was 37³C and no uptake was observed below 15³C. Choline uptake was strongly inhibited ( s 70%) by the SH reagent NEM, little a¡ected ( 6 20%) by the uncoupler CCCP (5 WM), and not a¡ected by the ATPase inhibitor DCCD (25^100 WM). No e¡ect on choline uptake was observed in the presence of valinomycin (5 WM). However, when valinomycin was added in the presence of KCl (100^300 mM) uptake rates were decreased by up to 50% of the levels observed with an untreated control, suggesting that choline uptake is a¡ected by the electrical potential across the cytoplasmic membrane (vi). Hemicholinium-3 (1.5^4.5U10
35 M), an inhibitor of choline uptake in eukaryotic cells [21] , had no e¡ect on choline uptake by M. fermentans.
Intracellular state of accumulated choline
2D-TLC of hot-water extracts of M. fermentans, incubated with [ 14 C]choline, revealed that radioactivity was recovered in four major spots (Fig. 2) . All spots reacted positively with the Dragendorf reagent that detects choline-containing compounds, but only spots A and B reacted positively with the molybdate reagent used to detect phosphorus-containing components [20] . The tentative identi¢cation of three of the lipid spots as choline (A), phosphorylcholine (B), and CDP-choline (C) was further con¢rmed by the co-migration of the three components with commercially available standards. Furthermore, using the soluble fraction of M. fermentans, it was possible to radiolabel free choline to [Q- 32 P]phosphorylcholine in the presence of [Q-32 P]ATP (A. Mousa, unpublished results). These observations suggest that for the biosynthesis of the choline-containing lipids, M. fermentans takes up free choline from the growth medium. The choline accumulated is phosphorylated to phosphorylcholine, which then reacts with CTP to form CDP-choline.
Apoptosis induction
As M. fermentans was isolated from various necrotic lesions of AIDS patients, including brain tissue [3] , and with our observation of the ability of M. fermentans to accumulate free choline, it is reasonable to assume that mycoplasma contamination of brain tissue may cause, among other manifestations, a choline-de¢cient microenvironment. In an experimental system using DMEM containing 5^6U10 5 ml 31 primary rat astrocytes, inoculated with 10 7 CFU ml 31 of M. fermentans, the concentration of free choline dropped from an initial concentration of 4 Wg ml 31 to undetectable levels within 24 h of incubation. As the half-life of the astrocytes is 72 h, it is reasonable to assume that the cell number did not increase during the 24-h incubation period of the experiment. Cell viability after 24-h incubation with the mycoplasmas, assessed using trypan blue exclusion, was 98 þ 1.5%. Cell viability was the same in DMEM, CD-DMEM or CD-DMEM to which choline was added. Fig. 3 summarizes the results of three di¡erent experiments in which the percent of apoptotic astrocytes was measured after various treatments. DNA strand breaks, as detected by the TUNEL assay, increased 24 h after incubation of the astrocyte culture with M. fermentans at a MOI of 1000 (17.1% þ 0.5 of cells; P 6 0.05), an e¡ect that was signi¢cantly reduced upon the addition of external choline to the medium (8.3 þ 0.5% cells; P 6 0.06). Transferring the astrocyte cultures to CD-DMEM resulted in 13.5 þ 0.4% apoptotic cells, a decreased amount as compared to the cultures inoculated 14 C]choline uptake by M. fermentans. Uptake was determined at 37³C (A) and 22³C (B). Total uptake (E), incorporation into macromolecules (TCA-insoluble fraction, R), and incorporation into the intracellular soluble pool (b) were determined as described in Section 2.
with mycoplasmas (17.1%). This lower apoptosis e¡ect can be explained by the fact that inactivated mycoplasmas (which do not consume choline) caused apoptosis of 5.5 þ 0.3% of the astrocytes, probably due to the existence of apoptosis-inducing moieties in the mycoplasmas (Fig.  3) . Similar results were obtained in cell cycle experiments in which apoptosis was measured by FACS as number of astrocytes in the sub-G 0 phase (data not shown). Recently, mycoplasmas have been shown to increase sensitivity of tissue culture cells to various apoptosis inducers targeting di¡erent signaling pathways [22, 23] . It has been suggested that these e¡ects are due to overexpression of an endonuclease produced by the mycoplasmas [23] . The present study extends our knowledge by showing that, in the case of M. fermentans, a choline de¢ciency state is induced in rat astrocyte cultures leading to apoptotic death, apparently as a result of a decrease in membrane phosphatidylcholine and sphingomyelin, and an accompanying increase in cellular concentration of ceramide, the putative second messenger of apoptosis [24, 25] .
